The study investigates the effects of the alkaline solution/binder ratio and the curing condition on the mechanical properties of alkali-activated fly ash (AAFA) mortars. Class F fly ash was used as the raw material, and sodium hydroxide and liquid sodium silicate were used for the preparation of alkaline activators. Three alkaline solution-to-binder ratios (0.35, 0.5, and 0.65) and four different initial curing conditions (curing in air at ambient temperature for 24 h, 30°C for 24 h, 65°C for 12 h, and 85°C for 6 h) were considered. Test results show that AAFA mortars with alkaline solution-to-binder ratio of 0.35 had higher compressive strength, lower drying shrinkage, lower water absorption, and lower initial surface absorption rate than the other mortars. Furthermore, the curing condition influenced the compressive strength development and drying shrinkage of AAFA mortars at early ages. AAFA mortars cured at 65°C for 12 h appeared to have superior mechanical properties. XRD demonstrates that the hydration products of AAFA mortars are mainly amorphous alkaline aluminosilicate gel, which attributed to the compressive strength. Consequently, the alkaline solution-to-binder ratio significantly affects more the mechanical properties than the curing condition based on the presented results.
Introduction
The use of alkali-activated fly ash (AAFA) instead of ordinary Portland cement (OPC) in concrete manufacturing is environmentally beneficial because the manufacturing process of AAFA requires lesser energy and produces lower CO 2 emissions and industrial waste. AAFA is prepared using a chemical process in which fly ash is mixed with strong alkaline solutions and cured at a moderate temperature, and it is in the form of well-compacted cementitious composites [1] [2] [3] . In a strongly alkaline environment, silica and alumina in fly ash particles are dissolved, and they form geopolymeric gel [1, 4] . This binder, often called geopolymer, has considerable potential as an alternative to OPC because of its excellent mechanical properties, such as high strength, fire resistance, acid resistance, high thermal stability, and environmental friendliness [4] [5] [6] [7] [8] [9] . The formation and properties of a geopolymer are affected by the mix composition and reaction conditions such as Al 2 O 3 /SiO 2 , alkali concentration, curing temperature, curing time, alkaline solution/binder ratio, and the alkaline solution pH value [2, [10] [11] [12] [13] [14] [15] [16] .
Many studies [17, 18] have addressed the effect of the water/cement ratio on the mechanical properties of OPC. For example, Odler and Röbler [17] indicated that the water/cement ratio affects both the physical properties of OPC and the composition of the calcium silicate hydrate (C-S-H) gel produced during hydration. The findings mentioned above may be extrapolated to alkaline cements. Indeed, the effect of the alkaline solution/binder ratio on alkali-activated systems has been reported in several studies [19] [20] [21] [22] . Zuhua et al. [20] found that high liquid/ solid ratio could accelerate the dissolution of raw materials. Also, Yao et al. [21] showed that higher liquid/solid ratios increased the geopolymerization period. However, the approach in which it affects the nature of the reaction products has not been studied fully. Moreover, increasing the alkaline solution/binder ratio for these materials not only increases the water content, but also increases the amount of alkaline cations and hydroxide ions (OH -) in the alkali-activated systems [22] .
The alkali activation of fly ash requires the supply of external energy in the form of heat for the formation of alkali aluminosilicates because AAFA pastes harden slowly at ambient temperature. Alkali-activated binders with appreciable mechanical properties have been produced at a wide range of temperatures, from 20°C to 90°C [23] [24] [25] . The degree of reaction of the fly ash and silica in the aluminosilicates formed increases with the thermal curing time. When the thermal curing time is increased, the gel undergoes polymerization, and its structure becomes highly ordered [26] . Furthermore, curing conditions have a strong effect on both early age and final mechanical properties of geopolymer materials [27] [28] [29] [30] . Kovalchuk et al. [28] found that curing in a covered mold at 95°C produced geopolymer materials with the highest compressive strength, and they recommended dry curing at 150°C for NaOH-based systems (low SiO 2 /Al 2 O 3 ratio); furthermore, they observed that steam curing at 95°C had a moderate effect on strength development. Swanepoel and Strydom [29] conducted a study on geopolymers cured at 40°C, 50°C, 60°C, and 70°C for different durations and found that the optimal curing conditions involved a temperature of 60°C and a duration of 48 h. Chi [30] investigated the physical and mechanical properties and durability of alkali-activated slag concrete (AASC) for three different curing conditions and found that curing at 80% relative humidity (RH) and a temperature of 60°C yielded optimal AASC performance; AASC obtained through air curing and saturated limewater curing showed the next highest performance. Geopolymers formed at room temperature are amorphous. With an increase in the temperature, crystalline phases begin to appear. Most research has been conducted by curing at approximately 95% RH and in the temperature range 30-85°C [1, 28, [31] [32] [33] . However, no detailed study has been conducted on the effect of the curing temperature on the geopolymer properties.
It is clear that there is still a large number of influential factors and complicated problems, and particular studies cannot provide all the answers. So then, further investigations regarding alkali-activated binding materials need to be done. The aim of this study is to investigate the effect of the alkaline solution/binder ratio and the curing condition on the mechanical properties of AAFA mortars. Three alkaline solution/binder ratios (0.35, 0.5, and 0.65) and four different initial curing conditions (curing in air at ambient temperature for 24 h, 30°C for 24 h, 65°C for 12 h, and 85°C for 6 h) were considered.
Materials and methods

Materials
Class F fly ash (FA) from Xingda Power Plant in Kaohsiung, Taiwan, was used as the main aluminum and silicate source for synthesizing a geopolymeric binder. The chemical composition of the FA was determined by X-ray fluorescence spectrometry, and it is listed in Table 1 . The specific gravity and specific surface area of the FA were 2.06 and 0.237 m 2 /g, respectively. Standard sand conforming to ASTM C778 [34] was used as the fine aggregate for preparing geopolymer mortars. The maximum grain size and specific gravity of the standard sand were 2.5 mm and 2.65, respectively. The most used alkaline activators were a mixture of sodium hydroxide (NaOH) and sodium silicate (Na 2 O·γSiO 2 ) [35] . In this study, the alkaline activation of the FA was performed using sodium hydroxide pellets with a density of 2130 kg/m 3 
Mix design and specimen preparation
AAFA geopolymer specimens were prepared from fly ash, sodium hydroxide, and sodium silicate. Alkaline solution-to-binder ratios of 0.35, 0.5, and 0.65, denoted by M3, M5, and M6, respectively, were selected to produce AAFA mortars. Sodium oxide (Na 2 O) with a mass of 121 kg per cubic meter of mortar and liquid sodium silicate with a modulus ratio (mass ratio of SiO 2 to Na 2 O) of 1.23 were used as alkaline activators. The sand/binder ratio was constant at 2.75. The mortar mix proportions are presented in Table 2 . The mortar was mixed in a mechanical mixer. Subsequently, the mixture was poured into steel molds. The specimens were cast and kept in steel molds for 24 h. The temperature and the curing duration strongly influence the formation of the amorphous aluminosilicate network. To balance the temperature and curing duration to achieve optimal mechanical performance, before demolding, the specimens were subjected to four different curing conditions with temperatures ranging from ambient temperature (23°C) to 85°C and curing times ranging from 6 to 24 h. In other words, the specimens were exposed to air at ambient temperature for 24 h, 30°C for 24 h, 65°C for 12 h, and 85°C for 6 h; these conditions are denoted by A, B, C, and D, respectively. After the initial curing, they were shifted to a curing room with 80% RH and a temperature of 25°C; they were stored in the room until they were tested.
Methods
Compressive strength test
Compressive strength tests were conducted on the specimens according to ASTM C109 [36] . For each mixture, 50 mm × 50 mm × 50 mm cubes were prepared, and three specimens of each mixture were tested at the ages of 7, 14, and 28 days to determine the average compressive strength.
Drying shrinkage test
The measurements of length change as scale of the drying shrinkage of mortar were conducted based on ASTM C596 [37] . Prismatic specimens with dimensions of 285 mm × 25 mm × 25 mm were used for drying shrinkage measurements. After 1 day, the initial lengths (L i ) of demolded shrinkage specimens were measured using a digital comparator with an accuracy of 0.001 mm. After curing, the lengths (L x ) of the shrinkage specimens were measured at the ages of 7, 14, and 28 days. The shrinkage value for each age is the average of three readings. During the drying shrinkage test, the specimens were kept at the temperature of 25°C in a relative humidity of 80%. The drying shrinkage was then calculated from the following formula:
where G is the nominal effective length.
Water absorption
Water absorption was determined in accordance with ASTM C642 [38] . The cubes were first placed in an oven at 105±5°C for 24 h and then weighed (W d ). Next, they were immersed in water for 24 h and then weighed again (W s ). The parameter W s was considered as the saturated weight. It took up to 24 h for the specimens. The water absorption (WA) was then calculated using the following formula [39, 40] :
The porosity (P) was calculated from the expression
where V is the bulk volume of the specimen.
Initial surface absorption test
The initial surface absorption test (ISAT) of concrete is to indicate the water flow into the surface of a dry, flat concrete surface. The principle of test is to determine the time taken for a quantity of water to flow through a standardized glass tube onto a known area of concrete surface. The ISAT was performed according to the test method described in BS 1881-208 [41] . The specimens were cast in 100-mm cubes for measuring the initial surface absorption rate. The specimens were demolded 24 h after casting and then cured for 28 days. At least three specimens were prepared for obtaining the average value of the initial surface absorption test. The specimens were oven dried to constant weight at a temperature of 105±5°C prior to the test. The test consists of the measurement of water flow into the test specimen through a known surface area. The initial surface absorption was measured at intervals of 10, 30, and 60 min after the start of testing. The initial surface absorption rate was expressed in milliliters per square meter per second (ml/(m 2 ·s)). 
Mercury intrusion porosimetry
The mercury intrusion porosimetry (MIP) test was performed in accordance with ASTM D4404-10 [42] , was and it involved injecting mercury into dried specimens. Specimens aged 28 days were dried in an oven at 105°C for 24 h before testing. Pressure, which was progressively incremented, was applied to mercury, and the intrusion of mercury was monitored at each increment. The intruded volume was used to determine the pore size distribution. Furthermore, the diameter of cylindrical pores was calculated using the Washburn equation [43, 44] :
where d is the cylindrical pore diameter, Φ is the pore shape factor, γ is the surface tension of mercury, θ is the contact angle of mercury, and p is the applied pressure.
The contact angle was set at 130°, the surface tension of mercury was assumed to be 0.485 N/m, the measuring pressure ranged from 0.7 to 210 MPa, and the measurable pore size ranged from 0.003 to 360 μm.
X-ray diffraction analysis
X-ray diffraction is a non-destructive technique used to determine crystalline phases present within the investigated material. For X-ray diffraction (XRD) analysis, randomly oriented powder specimens (approximately 1 g in weight) were prepared by grinding small portions of the dried specimens. XRD graphs were obtained using a Siemens D5000 X-ray diffractometer and CuKα radiation at room temperature. The diffractograms were scanned in the 2θ range 10°-80° at 0.05° intervals. The components of the sample were identified by comparing them with standards established by the International Center for diffraction data.
Results and discussion
Compressive strength
The compressive strength developments of AAFA mortars with various alkaline solution-to-binder ratios and cured under four different conditions at the ages of 7, 14, and 28 days are shown in Figures 1-3 . As expected, the compressive strength of all AAFA mortars increased with age and decreased with an increase in the alkaline solutionto-binder ratio. As shown in Figure 1 , the compressive strength of AM3 steadily increased with age, and it amounted to 24.9 MPa for the 7-day-old specimen, 30.2 MPa for the 14-day-old specimen, and 37.2 MPa for the 28-day-old specimen. The 28-day compressive strength of AM3 indicated an increase of 50% compared with the 7-day compressive strength. The compressive strength development of DM3 is highly similar to that of AM3. A higher compressive strength was observed for the 7-day-old CM3 (AAFA mortars cured at 65°C). The increase in the compressive strength lasted for 14 days and then began to level off; the compressive strength was 31 MPa at the age of 7 days, 34.8 MPa at the age of 14 days, and 35.2 MPa at the age of 28 days. For AAFA mortars with the alkaline solution-to-binder ratio of 0.35, the curing temperature appeared to have no appreciable influence on compressive strength development, particularly in older specimens. As shown in Figure 2 , the compressive strengths of the AM5 and BM5 mortars (AAFA mortars cured at ambient temperature and 30°C, respectively) were lower than those of the CM5 and DM5 mortars at the age of 7 days. At ambient temperature, alkali activation of fly ash increased gradually, and an increase in the temperature accelerated the formation of a hardened structure, particularly in the early stages of the geopolymerization reaction, and enhanced the compressive strength. For example, CM5 mortar reached a compressive strength of 31.5 MPa, which was approximately twice that of AM5 mortars at the age of 7 days. However, the compressive strengths of the AM5 and BM5 mortars steadily increased for 28 days. For example, the compressive strength of AM5 was 18.4 MPa at the age of 7 days, 24 MPa at the age of 14 days, and 32.7 MPa at the age of 28 days. CM5 and DM5 (AAFA mortars cured at 65°C and 85°C) showed a rapid increase in their compressive strength at the age of 7 days; however, the rate of increase in the compressive strength decreased after 14 days. The compressive strength of CM5 was 31.5 MPa at the age of 7 days, 34.8 MPa at the age of 14 days, and 35.2 MPa at the age of 28 days. The 28-day compressive strength of CM5 was only approximately 10% greater than the 7-day compressive strength. The compressive strength development of DM5 was similar to that of CM5. However, in old specimens, the curing temperature has no appreciable influence on the compressive strength. As shown in Figure 3 , the compressive strength development could be divided into two groups: one group consisted of AAFA mortars cured at ambient temperature and at 30°C (AM6 and BM6 mortars), and the other group comprised AAFA mortar cured at 65°C and 85°C (CM6 and DM6 mortars). The compressive strength of the CM6 and DM6 mortars was higher than that of the AM6 and BM6 mortars for all ages. The compressive strength of AAFA mortars increased with the temperature because the geopolymerization reaction proceeded faster at higher temperatures, resulting in an increased amount of alkali-activated reaction products [27] . The results showed that both the alkaline solutionto-binder ratio and initial curing conditions appreciably influenced the compressive strength development of AAFA mortars. The lower the alkaline solution-to-binder ratio, the higher the compressive strength. Furthermore, the curing temperature plays a crucial role in determining the compressive strength development of AAFA mortars at early ages, particularly for AAFA mortars with the alkaline solution-to-binder ratios of 0.5 and 0.65. The compressive strength of AAFA mortars cured at 65°C for 12 h was higher than that of AAFA mortars cured at other temperatures.
Drying shrinkage
Drying shrinkage is the volume change resulting from water loss in a specimen exposed to a dry environment during high-temperature curing. Specifically, it is the shrinkage, including autogenous shrinkage, occurring during the drying phase of the specimens. The drying shrinkage of AAFA mortars with various alkaline solutionto-binder ratios and cured at the four different conditions for 7, 14, and 28 days is shown in Figures 4-6 . From these results, it is apparent that the drying shrinkage for all AAFA mortars increased with their age and that the increase lasted for 28 days. The higher the alkaline solution-to-binder ratio, the higher the drying shrinkage. As shown in Figure 4 , the drying shrinkage of AAFA mortars with the alkaline solution-to-binder ratio of 0.35 showed a rapid increase at early ages. On the basis of the 7-day drying shrinkage, the specimens could be ordered as DM3 > CM3 > BM3 > AM3. However, the rate of increase of drying shrinkage decreased after 14 days. The CM3 mortar (cured at 65°C) had the highest drying shrinkage at the four curing temperatures: 0.0047% at the age of 14 days and 0.0064% at the age of 28 days. At early ages, hightemperature curing has an appreciable influence on the drying shrinkage of AAFA mortars because the high temperature accelerates the alkali-activation reaction of fly ash and increases the drying shrinkage of AAFA mortars. With an increase in age, the effect of curing temperature has a less influence on the drying shrinkage of AAFA mortars. At a late age, the drying shrinkage of the DM3 mortar (cured at 85°C) is almost the same as that of the BM3 mortar (cured at ambient temperature): 0.0042% at the age of 14 days and 0.0052% at the age of 28 days. Figure 5 shows the drying shrinkage of AAFA mortars with the alkaline solution-to-binder ratio of 0.5 and cured at four different temperatures (AM5, BM5, CM5, and DM5). Except for the DM5 mortar, the drying shrinkage of AAFA mortars increased with the curing temperature. On the basis of the drying shrinkage, the specimens aged 7 and 14 days were ordered as CM5 > BM5 > DM3 > AM3. After 14 days, the drying shrinkage of the AM5 mortars began to increase markedly. The 28-day drying shrinkage of the AM5 mortars was close to that of BM5, which had a drying shrinkage of 0.0068%. This is because the alkali activation reaction was incomplete, leading to excess moisture and a high-drying shrinkage. The drying shrinkage of AAFA mortars with the alkaline solution-to-binder ratio of 0.65 and cured at four different temperatures (AM6, BM6, CM6, and DM6) is shown in Figure 6 . High-temperature curing for over 12 h for AAFA mortars with the alkaline solution-to-binder ratio of 0.65 (BM6 and CM6) results in crack formation or deterioration, and hence, the drying shrinkages of BM6 and CM6 could not be determined during the curing period. Figure 7A and B show cracks in AAFA mortars with the alkaline solution-to-binder ratio of 0.65 and cured at 30°C for 24 h and at 65°C for 12 h, respectively. At early ages, higher temperatures accelerate the geopolymerization reaction of AAFA mortars, resulting in higher drying shrinkage. However, at late ages, the drying shrinkage of AAFA mortars cured at high temperatures increases gradually because of a reduction in the amount of the alkaline solution.
Water absorption and porosity
The water absorption of 28-day-old AAFA mortars cured at different temperatures is listed in Table 3 . For the alkaline solution-to-binder ratio of 0.35, the water absorption of AAFA mortars cured at higher temperatures (BM3, CM3, and DM3) varied from 5.2% to 5.9%, whereas the water absorption of the AAFA mortar cured at ambient temperature (AM3) was 5.4%. For the alkaline solution-to-binder ratio of 0.5, the water absorption of AAFA mortars cured at higher temperatures (BM5, CM5, and DM5) ranged from 7.3% to 7.6% and was higher than that of the AAFA mortar cured at ambient temperature (AM5, water absorption = 6.7%). Similarly, for the alkaline solution-to-binder ratio of 0.65, the water absorption for AAFA mortars cured at higher temperatures (BM6, CM6, and DM6) was higher (varying between 9.6% and 9.8%) than that for the AAFA mortar cured at ambient temperature (AM6, water absorption = 8.9%). Higher temperatures result in increased water absorption. It may be due to the crack formation during higher temperature curing. Furthermore, an increase in the alkaline solution-to-binder ratio increased the porosity and reduced the mechanical strength. As is evident from Table 3 , the water absorption and porosity of AAFA mortars increased with the alkaline solution-to-binder ratio. Additionally, an increase in the curing temperature increased the water absorption and porosity of AAFA mortars. Thus, the alkaline solution to binder ratio and curing temperature played a crucial role in determining the water absorption and porosity of AAFA mortars. 
Initial surface absorption test
Variations in the initial surface absorption for testing times of 10, 30, and 60 min are plotted in Figures 8-10 . It can be observed that the initial surface absorption of AAFA mortars decreased with an increase in the testing time. Figure 8 shows that for the alkaline solution-tobinder ratio of 0.35 (M3 mortars), the curing conditions did not appreciably influence the initial surface absorption of AAFA mortars; the reason is that M3 mortars are characterized by more effective alkali activation of fly ash, which results in their having a dense structure. Thus, the difference of initial surface absorption is not obvious for M3 mortars. The initial surface absorption of AAFA mortars with the alkaline solution-to-binder ratio of 0.5 (M5 mortars) is plotted in Figure 9 . It can be seen that the CM5 and DM5 mortars had lower initial surface absorption than AM5 and BM5 mortars, indicating that an increase in the curing temperature led to a decrease in the initial surface absorption. Figure 10 shows the initial surface absorption of AAFA mortars with the alkaline solutionto-binder ratio of 0.65 (M6 mortars); AM6 mortars showed the highest initial surface absorption (compared with the BM6, CM6, and DM6 mortars) for a testing time of 30 min. Thus, a high temperature can effectively reduce the initial surface absorption of M6 mortars. The trend of the initial surface absorption for M6 was similar to that for M5. However, the initial surface absorption of M6 was still considerably higher than that of the M3 and M5 mortars. These results indicate that a higher curing temperature and a lower alkaline solution-to-binder ratio lead to a reduction in initial surface absorption.
Mercury intrusion porosimetry
The mercury intrusion porosimetry test was performed to determine the pore structure of 28-day-old AAFA mortars.
By tracking the applied pressure and intrusion volume at each increment, the cumulative intrusion volume, capillary pore intrusion volume, and gel pore intrusion volume of AAFA geopolymer mortars with the alkaline solution-tobinder ratio of 0.5 were obtained ( Table 4 ). The cumulative intrusion volume of the AAFA mortars slightly increased with the curing temperature. AM5 (AAFA geopolymer mortars cured at ambient temperature) had the smallest cumulative intrusion volume, 0.1003 ml/g (capillary pore intrusion volume: 0.0911 ml/g; gel pore intrusion volume: 0.0092 ml/g). When AAFA mortars were cured at a lower temperature, the geopolymerization products gradually filled the pores in the basic structure, thereby, rendering the structure denser. By contrast, a higher cumulative intrusion volume, 0.1292 ml/g (capillary pore intrusion volume: 0.1198 ml/g; gel pore intrusion volume: 0.0094 ml/g) was obtained for DM5 (AAFA geopolymer mortars cured at 85°C). At higher temperatures, the final pore structure was almost realized within the first 24 h, and it did not change during the aging of geopolymer [27] . The curing of AAFA mortars at high temperatures accelerates the formation of a hardened structure, particularly at early ages. When the process of hardening proceeds too quickly, it results in a less-ordered structure of poorer quality, and larger pores are left in the matrix. The porosimetry measurement results correspond closely with the water absorption and porosity results discussed in Section 3.3.
X-ray diffraction analysis
The reaction products were characterized mineralogically by XRD to identify the crystalline components in the system. Figure 11 shows XRD patterns of AAFA mortars (with the alkaline solution-to-binder ratio of 0.5) cured at different temperatures at the age of 28 days. The products of the reaction can be seen to be mostly amorphous, which was confirmed by a wide and diffusive reflection in the 2θ interval 21°-45°. The hydration products of AAFA mortars are mainly amorphous alkaline aluminosilicate gel, which attributed to the compressive strength. , and iron phosphorus nitride (Fe 4 P 6 N 12 S) were also present. The major identified crystalline peaks corresponded to quartz and zeolite gismondite attributed to the effect of the fly ash components in the crystalline phase were observed at 27°2θ, which are similar to those of most previous research [4, 10, 12, 45, 46] . In addition, DM5 (AAFA mortars cured at 85°C) showed a peak intensity lower than those of the other three AAFA mortars cured at temperatures from ambient temperature to 65°C (AM5, BM5, and CM5). Higher curing temperatures may accelerate the geopolymerization reaction and cause the formation of amorphous alumina-silicate substances at early ages. However, the growth of zeolite crystals is slow at late ages, and therefore, the amorphous products are stabilized at early ages. Thus, the peak intensity for DM5 decreased.
Conclusions
This study investigated the effect of curing temperature on the properties of AAFA mortars. The main conclusions were as follows: 1. The lower the alkaline solution-to-binder ratio, the higher the compressive strength and the lower the drying shrinkage. Furthermore, the curing temperature influenced the compressive strength development and drying shrinkage of AAFA mortars at early ages, particularly for AAFA mortars with the alkaline solution-to-binder ratios of 0.5 and 0.65. 2. A higher temperature led to more effective alkali activation of fly ash, but resulted in increased water absorption. An increase in the alkaline solution-tobinder ratio increased the porosity and degraded the mechanical properties. 3. A high curing temperature and a low alkaline solution-to-binder ratio led to a decrease in the initial surface absorption. 4. XRD demonstrates that the hydration products of AAFA mortars are mainly amorphous alkaline aluminosilicate gel, which attributed to the compressive AM5   IX  V  IV  II   IX  VI  V  III  II   IX   IX   IX   IX   IX   IX   IX   IX   IX  II   VIII  VI  II   VIII  VII  VII  IV  II  II  II   III  II  I   V  IV   IX  VII  V  I   VIII  V  IV  II  II   BM5   CM5   DM5   10 strength. The major crystalline phase of AAFA geopolymer mortars consisted of quartz, zeolite gismondite, mullite, magnesium sulfite, magnetite, anhydrite, and feldspar. 5. AAFA mortars cured at 65°C for 12 h appeared to have superior mechanical properties.
